Objectives The aims were to demonstrate pharmacokinetic (PK) similarity between DRL_RI, a proposed rituximab biosimilar, and two reference innovator products (Rituxan ® [RTX-US] and MabThera ® [RTX-EU]) and compare their pharmacodynamics (PD), efficacy, safety, and immunogenicity in rheumatoid arthritis (RA) patients with inadequate response to methotrexate (MTX)-based therapy and no prior biologic administration. Methods In this randomized, double-blind, parallel-group study, 276 patients with moderate-to-severe active RA were randomized to receive DRL_RI, RTX-US, or RTX-EU on days 1 and 15. The primary PK end points included area under the concentration-time curve from time 0 to 336 h after first infusion (AUC 0-14 days, first infusion ), AUC from day 1 through week 16 (AUC 0-∞, entire course ), and AUC from time 0 to time of last quantifiable concentration after the second dose (AUC 0-t, second infusion ). Secondary end points included other PK parameters, such as maximum concentration (C max ), time to C max after each infusion, terminal half-life, systemic clearance, and volume of distribution after the second infusion; PD parameters and efficacy until week 24; safety and immunogenicity at week 24 and 52; and B cell recovery until week 52. AUC from time 0 to time of last quantifiable concentration after the first dose and over the entire course from day 1 through week 16 (AUC 0-t, entire course ) was analyzed as an exploratory end point. Results The 91% confidence intervals (CIs) of the geometric mean ratios (GMRs) for the primary end point of AUC 0-∞, entire course were within the bioequivalence limits of 80-125% for all comparisons: DRL_RI versus RTX-US 100.37% (92.30-109.14), DRL_RI versus RTX-EU 93.58% (85.98-101.85), and RTX-US versus RTX-EU 93.24% (85.62-101.54). PD outcomes (peripheral blood B-cell depletion and mean change in Disease Activity Score [28 joints]-C-reactive protein), efficacy, safety, and immunogenicity were also comparable between DRL_RI and the reference products. Conclusion DRL_RI, a proposed biosimilar, demonstrated three-way PK similarity with RTX-EU and RTX-US, the reference innovator products, with comparable efficacy, PD, safety, and immunogenicity. Clinical Trials Registration Number ClinicalTrials.gov identifier: NCT02296775.
Introduction
Comparative studies designed to demonstrate the similarity of a biosimilar and the reference medicinal product in key pharmacokinetic (PK) parameters are an essential part of biosimilar development programs [1] .
For PK similarity assessment of biosimilars, a study in healthy subjects is considered more sensitive than a study in patients due to the lack of potential confounding factors such as underlying and/or concomitant disease and concomitant medications [2] . However, because rituximab cannot
Key Points
DRL_RI, a proposed rituximab biosimilar, shows pharmacokinetic similarity with the US-and EU-approved reference innovator products.
The pharmacodynamics, efficacy, safety, and immunogenicity profiles were also comparable between the proposed biosimilar and reference innovator products.
No clinically meaningful differences in adverse events, B-cell recovery, and immunogenicity were identified between the proposed biosimilar and the reference innovator products during the longer-term follow-up period (up to 52 weeks).
(RTX-US and RTX-EU) in patients with moderate-to-severe active RA and an inadequate response to methotrexate (MTX)-based therapy. The study also compared the PD, efficacy, safety, and immunogenicity over 24 weeks between DRL_RI and the reference products. The extended follow-up period (from week 24 until week 52) examined the longerterm safety, immunogenicity, and B-cell recovery.
Methodology
The study protocol (ClinicalTrials.gov identifier: NCT02296775) was approved by the Regulatory Authorities and Ethics Committees of all participating centers. The study was conducted in accordance with the Declaration of Helsinki and the International Conference on Harmonisation Good Clinical Practice guidelines [7, 8] . All patients provided written informed consent before study participation.
Study Population
Patients aged 18-65 years with active RA (revised 1987 American College of Rheumatology [ACR] classification criteria [9] ) for at least 6 months, not previously treated with rituximab or any other biologic DMARD treatment and with an inadequate response to MTX were eligible for inclusion. Active RA was defined as six or more tender joints and six or more swollen joints from the 66/68-joint count system, with a high-sensitivity C-reactive protein (CRP) level greater than the upper limit of normal, or an erythrocyte sedimentation rate ≥ 28 mm, and positive rheumatoid factor and/or anticyclic citrullinated peptide antibody results, and a Disease Activity Score in 28 joints (DAS28) of > 3.2 at screening [10] . Patients had to be on an accepted MTX-based therapy for at least 6 months; on a stable MTX dose for at least 3 months; and on a stable dose of folic acid supplement (≥ 5 mg/week) for at least 4 weeks. Accepted MTX based therapies included MTX alone 15-25 mg/week, MTX 10-25 mg/week + hydroxychloroquine 200-400 mg/ day, MTX 10-25 mg/week + sulfasalazine 2-3 g/day. Prednisone/prednisolone ≤ 10 mg/day, or an equivalent and stable dose for at least 4 weeks was allowed. Key exclusion criteria were systemic manifestations of RA, any confounding disease (secondary Sjogren's syndrome, inflammatory diseases, HIV, etc.), pregnancy, lactation, or unwillingness to use contraception. Detailed exclusion criteria are provided in the electronic supplementary material (ESM), Table S1 . Patients were withdrawn if they required rituximab retreatment before week 24, had a clinically significant adverse event (AE) that outweighed the benefit of the study drug in the opinion of the investigators, had severe mucocutaneous reactions, or had disease progression. Treatment was be safely administered to healthy subjects, such studies for rituximab are conducted in patients. Amongst the patient populations treated with rituximab, rheumatoid arthritis (RA) patients are more appropriate than patients with lymphoid malignancies because of the simpler administration schedule and fewer confounding factors. The simpler dosing schedule with administration of two doses, 2 weeks apart, and no re-dosing for a minimum of 16 weeks [3] also has an advantage (over the repeated dosing in malignancies), as it allows a full PK profile characterization, including its late elimination phase, which is considered preferable [1] .
Hence, this study was conducted in RA patients with the aim to establish PK similarity of DRL_RI with the US and EU reference products, while also comparing their pharmacodynamics (PD), safety, immunogenicity, and efficacy.
RA is a chronic systemic inflammatory disease affecting approximately 0.24% of the population globally, and is the 42nd highest among 291 contributors to global disability [4] . The introduction of biologic disease-modifying antirheumatic drugs (DMARDs) has been a major advance in the treatment of RA [5] . Rituximab, used in RA as a biologic DMARD, is a chimeric murine/human anti-CD20 monoclonal antibody and acts by depleting the CD20-expressing peripheral B cells and causing variable B-cell depletion in synovium and other sites, including lymphoid tissue and bone marrow [6] .
The proposed rituximab biosimilar, DRL_RI (Dr. Reddy's Laboratories Ltd.), has completed an extensive comparison of structural, physicochemical, analytical, and functional characteristics with the reference products approved in the United States, Rituxan ® (RTX-US; Genentech, Inc.) and the European Union, MabThera ® (RTX-EU; Roche Pharmaceuticals) (data on file). This study was designed to demonstrate PK similarity between DRL_RI and both reference products discontinued for patients who withdrew their consent, were lost to follow-up, or had a significant protocol violation.
Study Design and Treatments
This was a three-arm, randomized, double-blind, parallelgroup, comparative study in patients with active RA conducted at 29 centers across India and Ukraine between November 2014 and November 2016. On completion of the screening phase (up to 6 weeks), patients were randomly assigned (1:1:1) using computer-generated blocks (stratified by gender and region [India/Ukraine]) to receive one of the three products: DRL_RI, RTX-US, or RTX-EU (13 patients were randomized under blinded conditions between the two investigational products available at the center at that time).
The study included a 24-week treatment period, wherein patients received two study drug intravenous infusions of 1000 mg, administered on days 1 and 15.
All patients continued their stable DMARD treatment regimen throughout the study period. Standard premedication was administered before rituximab dosing [3, 11] . Patients having an inadequate clinical response at or after 16 weeks as determined by the investigator were allowed to receive rescue therapy with leflunomide, and were followed up for safety, immunogenicity, and B-cell recovery.
All patients were followed up until week 52 for long-term safety, immunogenicity, and B-cell recovery. After week 24, sampling for B-cell count was discontinued before week 52 in patients whose B-cell counts recovered to values above the lower limit of normal (LLN). Patients requiring high doses of corticosteroids or retreatment with rituximab were discontinued from the study, but were followed up for B-cell recovery up to week 52.
Study End Points and Assessments

Pharmacokinetic and Pharmacodynamic End Points
The PK sampling schedule is provided in the ESM, online supplementary Table S2 . Rituximab was quantitated in plasma using a validated enzyme-linked immunosorbent assay (ELISA) method using plates coated with monoclonal rat anti-rituximab antibodies to capture rituximab, followed by detection with biotinylated goat antihuman IgG (Fcspecific) antibody. In the second step, streptavidin-horseradish-peroxidase was bound to the biotinylated antihuman antibody. The addition of chromogenic substrate resulted in development of color that was measured at 450 nm. The lower limit of quantitation was 0.313 µg/mL. PK parameters were calculated from the plasma concentration-time profiles by standard non-compartmental methods with estimation of the area under the plasma concentration-time curve (AUC) from time 0 to the time of last quantifiable concentration (AUC 0-t ) by the linear trapezoidal rule using Phoenix WinNonlin version 6.4.0.768 (Certara LLP, Princeton, NJ, USA).
The primary PK end points were AUC from time 0 to day 14 (AUC 0-14 days ) 1 after the first infusion (AUC 0-14 days, first infusion ); AUC from time 0 extrapolated to infinity (AUC 0-∞ ) over the entire course (AUC 0-∞, entire course ); and AUC 0-t after the second dose (AUC 0-t, second infusion ).
Secondary PK parameters were maximum concentration (C max ) after the first and second infusion 1 (C max, first infusion and C max, second infusion ), time to C max (t max ) after each infusion, AUC 0-t after the first dose (considered exploratory and numerically equal to AUC 0-14 days, first infusion ; thus not detailed separately) and over the entire course (AUC 0-t, entire course ) (considered exploratory), volume of distribution (V z ), systemic clearance (CL), and terminal half-life (t ½ ) after the second infusion.
PD was assessed by (1) the dual PD/efficacy parameter mean change in DAS28-CRP from baseline to weeks 4, 8, 12, and 16 [10] (examination of joints was conducted by an independent blinded evaluator); and (2) proportion of patients with peripheral blood B-cell depletion (B-cell counts were determined using a validated flow cytometry assay for counting of CD3 − CD19 + cells) at 48 h after dose 1 and at weeks 16 and 24. The time to B-cell depletion and repletion were evaluated. The sampling schedule for B-cell counts is provided in the ESM, online supplementary Table S3 .
Efficacy, Safety, and Immunogenicity End Points
Efficacy end points included ACR20/50/70 response [9, 12] , mean change from baseline in DAS28-CRP [10] , and the Health Assessment Questionnaire-Disability Index (HAQ-DI) score at week 24 [13] .
Safety was assessed as AEs, including infusion reactions, neutrophil counts, serious adverse events (SAEs), and treatment-related AEs, and proportion of patients with B-cell recovery at weeks 24 and 52.
Presence of antidrug antibodies (ADAs) was tested at baseline and weeks 4, 16, 24, and 52. Determination of ADAs was achieved using a validated affinity capture and elution ELISA method including three components: (1) a screen assay, which identified initial putative positive samples; (2) a confirmation assay, which assessed the specificity of the putative positive samples; and (3) a titration assay, which estimated the level of antibody in the confirmed positive samples. Samples were pretreated with acid to dissociate immune complexes, and the free ADAs were captured in solid-phase bound drug. Bound ADAs were eluted and transferred to a fresh plate, where ADAs were detected using F(ab)2 fragments of biotin-rituximab. The neutralizing capacity of the ADAs was tested in an in vitro cell-based assay using WIL2-S cells (B-lymphoblast expressing CD20) as responding cells and changes in cell viability, using complement-dependent cytotoxicity as the end point.
Statistical Analysis
Statistical analyses were conducted using SAS (SAS Institute, Cary, NC, USA) version 9.2. The PK population included all patients who received both study drug doses (on days 1 and 15) and had sufficient plasma samples for PK assessments. Patients with major protocol deviations (e.g., incomplete dosing and missed samples for critical time points) or confirmed ADAs were not included in the PK population.
For the efficacy analysis, the intention-to-treat (ITT) population included all randomly assigned patients who received at least one dose of study drug and had baseline and post-baseline efficacy data for at least one end point and at least one time point during treatment. The per-protocol (PP) population included patients who completed week 24 of the study without any major protocol deviations that could have affected study outcomes.
The PD population included all patients who received at least one dose of study drug, had at least one baseline and one post-baseline assessment of PD end points, and had no protocol deviations thought to affect the specific PD end point evaluation. For safety and immunogenicity analyses, the safety population (all dosed) was considered.
The sample size was calculated as follows: assuming a true geometric mean ratio (GMR) between 0.95 and 1.05 and an anticipated 43% coefficient of variation for the comparisons of AUC 0-∞, entire course and C max after the second dose, a sample size of 246 patients (82 per treatment group) was determined to provide at least 83% statistical power to demonstrate for the GMR between treatments for each parameter a 91% confidence interval (CI) completely between 80% and 125% for each pairwise comparison. A 10% dropout rate was considered, resulting in a sample size of 276 patients. At the time of study design, only estimates for the variability of rituximab non-compartmental PK parameters based on single-arm evaluations were available in the literature. Such estimates did not provide a sufficient basis to calculate the final sample size for the intended comparative PK evaluation [2] . For this reason, a blinded sample size re-estimation (BSSR) was planned to re-confirm the final sample size, and was conducted by evaluating the pooled variability of C max and AUC 0-∞ in terms of geometric coefficient of variation (GCV) from the data of approximately 40% of the scheduled patients (N = 115) [14] . Reduction of the sample size was not allowed (Wittes and Brittain adjustment rule) [14] . Had the pooled GCV been higher than initially estimated, the needed sample size for 85% power for the pairwise comparisons would have had to have been calculated. A 91% rather than 90% CI was used to protect against eventual type I error inflation due to the use of a BSSR. This value was sufficiently protective in simulations. The BSSR outcome confirmed that the initially calculated sample size was sufficient to fulfill the study objectives.
Continuous data were summarized by treatment group and time using descriptive statistics. Categorical data were summarized by treatment group and time using frequency tables. Percentages were based on the total category count excluding the missing category, if not otherwise mentioned.
The primary variables and the secondary PK variables C max after each infusion and AUC 0-t, entire course were analyzed after logarithmic transformation using an analysis of variance (ANOVA) model including as fixed effects treatment, region (to account for possible regional variations in medical practice or environmental influences), and gender (which has been reported to affect rituximab PK parameters in RA patients [15, 16] and to influence rituximab exposure in diffuse large B-cell lymphoma patients [17] ) to calculate 91% CIs for the GMR of the parameter between each pair of treatments. Similarity in PK was considered demonstrated if the 91% CI for the GMR between treatments of the primary parameters was within 80% and 125%.
The analysis of DAS28-CRP (both for PD and efficacy) is based on a generalized estimating equation (GEE) model, where the response variable is the mean change from baseline at each time point (every 4 weeks between weeks 4 and 24). Baseline score, treatment, and time were included as factors in the model. The robust (sandwich) variance estimate was used. The goodness of fit to link distributions like normal, log-normal, and gamma distributions was evaluated graphically and by residual analysis. The best fit link function was considered for the analysis. The adjusted mean change with differences and 95% CIs by treatment group are presented.
Peripheral blood B-cell counts were compared between treatment arms by evaluating the 95% CI for the difference in the proportion of patients with B-cell depletion at 48 h after dose 1, week 16, and week 24. The proportion of patients with B-cell repletion at each evaluation time was reported and compared between treatment groups by evaluating the 95% CI for the difference (Newcombe-Wilson score method). The proportion of patients with B-cell depletion/ repletion in each treatment group, with corresponding twosided 95% CIs, was calculated using the exact Clopper-Pearson method. The Kaplan-Meier method was used to summarize the time to depletion/repletion data.
The proportion of patients meeting the ACR20/50/70 improvement definitions at week 24 was analyzed using logistic regression including treatment, gender, and region as fixed effects. The adjusted difference, with 95% CI, was derived using the normal approximation, and the standard error (SE) was computed using the delta method. Efficacy parameters were reported descriptively, and equivalence margins were not defined a priori, because efficacy was evaluated as a secondary objective.
Results
Demographics and Patient Disposition
A total of 470 patients were screened, of which 276 were randomized to treatment with DRL_RI (n = 91), RTX-US (n = 92), or RTX-EU (n = 93). At week 24, 254 patients (DRL_RI, n = 87 [95.6%]; RTX-US, n = 84 [91.3%]; and RTX-EU, n = 83 [89.2%]) completed the treatment phase and continued to the follow-up phase until week 52. Fourteen patients discontinued in the follow-up phase. There were no differences in the rate of treatment compliance and trial discontinuation between treatment groups. Patient disposition, treatment compliance, and patient analysis populations are presented in Fig. 1 and online supplementary Tables S4 and S5. Reasons for study withdrawal until week 24 included AEs (DRL_RI, n = 1; RTX-US, n = 3; and RTX-EU, n = 6), withdrawal of consent (DRL_RI, n = 3; RTX-US, n = 3; and RTX-EU, n = 2), progressive or relapsed disease (RTX-US, n = 1), and failure to meet randomization criteria (RTX-EU, n = 1). From week 24 to week 52, reasons included AEs (DRL_RI, n = 1, and RTX-US, n = 1), withdrawal of consent (DRL_RI, n = 1, and RTX-EU, n = 2), progressive or relapsed disease (RTX-US, n = 2), and study visits stopped due to B-cell recovery (RTX-EU, n = 1).
Rescue medications administered from week 16 Table S5 . b One patient had primary reason for discontinuation as "B-cell recovery"; for this reason, the patient did not have all safety visits RTX-EU one patient] and four patients during the follow-up period [DRL_RI three patients and RTX-EU one patient]).
Baseline demographics and disease characteristics were comparable among treatment groups ( Table 1 ). The mean (SD) age of patients was 44.5 (10.56) years, with female predominance (88.0%). Most patients were Asian (84.8%), and the mean (SD) body mass index (BMI) was 24.86 (5.23) kg/m 2 . In addition to MTX, the other most common concomitant medication was hydroxychloroquine (151 [54.7%]), and 13.8% of patients were on glucocorticoids (online supplementary Table S6 ).
Pharmacokinetics
All tested products exhibited comparable plasma concentration-time profiles after both study drug infusions (Fig. 2) . The 91% CI for the GMR of all primary PK end points, i.e., AUC 0-14 days, first infusion , AUC 0-∞, entire course , and AUC 0-t, second infusion , were within the predefined similarity acceptance range of 80-125% for all pairwise treatment comparisons. The 91% CI for the GMR of the secondary PK end points C max after the first and second infusions and AUC 0-t, entire course were also completely within the 80-125% range for all comparisons, indicating three-way PK similarity among DRL_RI, RTX-US, and RTX-EU (Table 2) . Other secondary PK parameters were comparable between treatment groups (online supplementary Table S15 ). The comparisons of the PK end points in PK sensitivity analysis population 1 (including both ADA-positive patients and patients randomized only between the two available products) and PK sensitivity analysis population 2 (excluding both ADA-positive patients and patients randomized only between the two available products) also met the pre-specified acceptance criteria for all comparisons (online supplementary Tables S7 and S8). 
Pharmacodynamics
The reduction in mean DAS28-CRP from baseline to weeks 4, 8, 12, and 16 was comparable between DRL_RI and RTX-US, between DRL_RI and RTX-EU, and between RTX-US and RTX-EU (online supplementary Figure S3 ). Mean DAS28-CRP change from baseline to week 24 is detailed in the efficacy section. B-cell depletion was rapid. Most patients (DRL_RI 100%, RTX-US 95.2%, and RTX-EU 98.7%) showed levels below 20% of LLN within 10 h after infusion 1 (online supplementary Figure S1 ). B-cell depletion (to below 20% of the LLN or below the limit of detection [LOD]) continued through week 24 ( Fig. 3 and online supplementary Table S9 ). The proportion of patients with B-cell depletion (to below 20% of the LLN) at week 24 was 67.1% for DRL_RI, 69.1% for RTX-US, and 78.5% for RTX-EU. The 95% CI for the differences at week 24 between DRL_RI and RTX-US or RTX-EU was −2.0% (95% CI −16.22 to 12.19) and −11.4% (95% CI −24.73 to 2.50), respectively. The proportion of patients with B-cell depletion (below LOD) at week 24 was 0 for DRL_RI, 3.7% for RTX-US, and 1.3% for RTX-EU. The 95% CI for the differences at week 24 between DRL_RI and RTX-US or RTX-EU was −3.7% (95% CI −10.33 to 1.44) and −1.3% (95% CI −6.83 to 3.38); all 95% CIs included the value zero, and hence, differences were not significant.
Efficacy
The proportion of patients meeting ACR20, ACR50, and ACR70 response criteria were comparable across treatment groups (Fig. 4 ). In the PP population (N = 242), 68.4-72.0% of patients achieved ACR20 response, 39.5-43.9% achieved ACR50 response, and 14.8-17.1% achieved ACR70 response by week 24. The differences in adjusted ACR response rates (95% CI) between treatments in the PP population were not significant ( Table 3) . The GEE-adjusted mean change from baseline in DAS28-CRP in the PP population (N = 241) was comparable in all treatment groups ( Fig. 5 and online supplementary Table S10 ). The mean (SE) DAS28-CRP change from baseline to week 24 was − 1.63 (0.13) for DRL_RI, − 1.57 (0.12) for RTX-US, and − 1.78 (0.12) for RTX-EU. The 95% CI for the differences at week 24 between DRL_RI and either RTX-US (− 0.06 [0.14] [95% CI − 0.33 to 0.21]) or RTX-EU (0.16 [0.15] [95% CI − 0.13 to 0.44]) included the value zero; thus, differences were not significant.
The changes from baseline in mean (SD) HAQ-DI score at week 24 were comparable in all treatment groups (online supplementary Figure S4) , with values of − 0.68 (0.59), −0.62 (0.61), and −0.68 (0.64) in the DRL_RI, RTX-US, and RTX-EU groups, respectively.
Safety
All 276 patients received at least one dose of study medication and were included in the safety analysis. Safety follow-up was further continued until week 52 for most patients (N = 240). No clinically meaningful differences among treatment groups were observed in the incidence of all and treatment-related AEs, SAEs, and AEs leading to discontinuation of the drug ( A total of 21 treatment-emergent SAEs were reported in 18 patients until week 52 (three patients [3.3%] in the DRL_ RI group, five patients [5.4%] in the RTX-US group, and ten patients [10.8] in the RTX-EU group) (online supplementary Table S13 ). All SAEs resolved completely, except for two events with a fatal outcome in patients in the DRL_RI arm, which occurred on days 155 and 354 and were considered unrelated to the study drug, and one event in the RTX-EU arm, which occurred 2 days after the administration of the first dose of study drug; the patient recovered with sequelae, and the event was considered related to the study drug.
Ten patients (DRL_RI one [1.1%], RTX-US three [3.3%], and RTX-EU six [6.5%]) withdrew from the study because of AEs until week 24. The AEs leading to treatment discontinuation (all reported once) were H1N1 influenza, herpes simplex infection, upper respiratory tract infection, choking 3700 (h) at infusion 2 is week 24 with respect to infusion 1. Upper and lower bounds indicated the confidence interval. LLN lower limit of normal, PD pharmacodynamic, MabThera RTX-EU, Rituxan RTX-US sensation, interstitial lung disease, rash, urticaria, cardiorespiratory arrest, IRR, and spinal compression fracture. Until week 24, fewer patients withdrew because of AEs in the DRL_RI group (one patient [1.1%]) as compared with the RTX-EU (six patients [6.5%]) and RTX-US groups (three patients [3.3%]). Between weeks 24 and 52, one patient each discontinued treatment in the DRL_RI and RTX-US groups; no patient discontinued treatment in the RTX-EU group. No reactivation or new cases of tuberculosis were reported during the study. No SAEs related to deep venous thrombosis or pulmonary embolism were reported. Only a mild thrombophlebitis event was reported in a patient treated with RTX-EU. There were no atypical infections reported during the study.
The proportions of patients achieving B-cell repletion ≥ LLN by week 52 were comparable across all treatment groups (DRL_RI 33.3%, RTX-US 23.2%, and RTX-EU 23.7%). The 95% CI for the differences between DRL_RI and RTX-US or RTX-EU was 10.1% (95% CI −6.31 to 25.68) and 9.6% (95% CI −6.59 to 25.12) . A similar trend was seen for B-cell repletion to ≥ 80% of baseline through week 52 across all treatment groups, except at week 52, where the proportion of patients in the DRL_RI group achieving repletion was higher compared with RTX-US and RTX-EU (21.7% vs. 14.3% and 6.8%). The 95% CI for the differences between DRL_RI and RTX-US or RTX-EU was 7.4% (95% CI −6.91 to 21.17) and 14.9% (95% CI 2.19-27.53); most 95% CIs included the value zero, and hence, most differences were not significant (online supplementary Table S14 and Figures S2a and S2b ).
Immunogenicity
The proportion of ADA-positive patients by assessment and treatment group is summarized in Table 5 . The proportion (95% CI) of ADA-positive patients at any time until week 52 was 18.7% (11.28-28.22) Adjusted response rates for the treatment arms using the logistic regression analysis including treatment, gender, and region as fixed effects and patients as a random effect in the model ACR20, ACR50, and ACR70: proportion of the patients with at least 20%, 50%, or 70% improvement in counts of tender and swollen joints and in 3 of the following: patient's assessment of pain, patient's global assessment of disease activity, patient's assessment of physical function, the physician's global assessment of disease activity, and acute phase reactant 
Discussion
This study established the PK similarity of the proposed biosimilar DRL_RI and the reference products from the USA and the EU by meeting its primary end points, while comparing the PD, efficacy, safety, and immunogenicity of the same products in RA patients (the most sensitive population for detection of PK differences between rituximab products). All primary (AUC 0-14 days, first infusion , AUC 0-t, second infusion , and AUC 0-∞, entire course ) and secondary (C max, first infusion , C max, second infusion , AUC 0-t, entire course ) PK end point comparisons among DRL_RI, RTX-US, and RTX-EU showed the 91% CIs of their GMRs were contained within the predefined equivalence margins of 80-125%. Sensitivity analyses performed by including patients with confirmed ADA and by excluding patients randomized only between the two available products at the site and time confirmed the above results, supporting the robustness of the conclusions.
The PK results are comparable with prior publications. The geometric mean AUC 0-∞, entire course for the tested products was 161,500-173,200 µg·h/mL in the different groups and 162,377-196,000 µg·h/mL in several published PK similarity studies of proposed rituximab biosimilars in RA patients. Geometric mean C max values were also comparable with published values. Geometric mean C max, first infusion and C max, second infusion values were 331-348 µg/mL and 402-421 µg/mL, respectively, in the different groups, and 320-362 µg/mL and 367-478 µg/mL, respectively, in several published PK similarity studies of proposed rituximab biosimilars in RA patients [18] [19] [20] [21] . A comparable reduction was seen in DAS28-CRP from baseline to weeks 4, 8, 12, and 16 between DRL_RI and reference rituximab (RTX-US and RTX-EU). Additionally, all treatment groups showed B-cell depletion below 20% of LLN within 10 h after first infusion, with nearly complete depletion occurring within 48 h. B-cell suppression was sustained until week 24 and was comparable across the three treatment groups. B-cell depletion kinetics observed with DRL_RI and the reference products in this study were consistent with those published for rituximab in RA patients in the REFLEX and DANCER trials [22, 23] and in candidate rituximab biosimilars studies [18] [19] [20] .
The findings of the present study suggest that DRL_RI efficacy in terms of ACR20, ACR50, and ACR70 rates is comparable to that of RTX-US and RTX-EU, with 95% CIs including no difference (a value of 0) and excluding differences by more than 20%.
The ACR20, ACR50, and ACR70 rates at week 24 with DRL_RI were 72%, 43.9%, and 17.1%, respectively. These values are on the higher side of the reported range for rituximab in combination with MTX in patients with RA pivotal trials, which were 51-73% (ACR20), 25-43% (ACR50), and 10-23% (ACR70) at week 24 [22] [23] [24] [25] . Prior treatment with Tumor Necrosis Factor alpha (TNF-α) inhibitors varied across these studies; some of them [22] [23] [24] included TNF-α inhibitor-exposed/failed patients, while our study had only TNF-α inhibitor-naïve patients, which could have contributed to the observation of higher ACR response rates in this study.
All 95% CIs for the difference between DRL-RI and either reference product in the mean change in DAS28 from baseline to week 24 included the value 0, and their limits are not broader than 0.44 Units. Interestingly, this difference is narrower than 0.6 Units, thought to be the minimum detectable difference in DAS28 [26] , a posteriori supporting that the efficacy of DRL_RI measured in DAS28-CRP terms is comparable with that of the reference products.
The observed mean change in DAS28 for DRL_RI in this study is in line with previously published results [21] . The mean change in DAS28-CRP (−1.63) observed with DRL_ RI at week 24 was comparable to improvements reported in DAS28 from baseline to week 24 in the REFLEX (−1.90) and DANCER (−2.05) trials [22, 23] . A comparable mean reduction (−2.13) in DAS28-CRP at week 24 from baseline was published for another potential biosimilar [18] . As mentioned earlier, given the different patient populations included in the various studies, these values cannot be directly compared across studies.
Changes in the mean HAQ-DI quality-of-life scores between baseline and week 24 were comparable between DRL_RI (−0.68) and the reference products RTX-US (−0.62) and RTX-EU (−0.68), and with historical data in the REFLEX (−0.4) and DANCER (−0.5) trials [22, 23] .
No relevant differences in the incidence, profile, or severity of AEs between treatment groups were observed. In this study, the most frequently reported AEs until week 24 were under the System Organ Class of infections and infestations (14.1%), an expected finding for rituximab. In the follow-up phase until week 52, the incidence of infections and infestations was 6.9%. However, the overall incidence of infection-related AEs was lower in all treatment groups in this study than the incidences reported in the pivotal trials [22, 23] . The overall incidence of SAEs was similar across all treatment groups and consistent with that observed in other studies with rituximab in RA [22, 23, 25] . The incidence of IRRs was comparable among the three treatment groups, with 1.1% of patients in DRL_RI and RTX-EU groups and 2.2% of patients in the RTX-US group experiencing IRRs. The incidence of IRRs observed in this study is lower than that observed in historical studies of rituximab, where the incidence of IRRs following the first infusion was 23-32%, and declined after the second infusion (6-9%) [22, 23, 25] . A numerically lower incidence of AEs leading to treatment discontinuation was observed in the DRL_RI group compared with the other treatment groups (DRL_RI 1.1%, RTX-US 3.3%, and RTX-EU 6.5%).
B-cell recovery was not completed by week 52 in any treatment group, and most patients had low B-cell counts. There was no significant difference between DRL_RI and the reference products in the proportion of patients who had B-cell repletion (either ≥ LLN or ≥ 80% of baseline) at most time points, except at week 52, when the proportion of patients with B-cell recovery ≥ 80% of baseline was higher in the DRL_RI group than that in the RTX-EU group. This isolated and inconsistent observation is likely a random finding, and no clinical implications of the same were evident in the study.
The incidence of ADAs at week 52 in the DRL_RI group compared with both reference groups was numerically lower, with overlapping 95% CIs. Most observed ADAs were low titer and non-neutralizing. The ADA incidence, titer values, and neutralizing capacity were not different between treatment groups, suggesting a comparable immunogenicity between DRL_RI and reference rituximab (RTX-US and RTX-EU).
The present study with its randomized, double-blind design and high patient retention rates established the proposed biosimilar DRL_RI had similar PK and comparable PD, safety, efficacy, and immunogenicity to reference rituximab.
Limitations
This study was conducted in a biologics-naïve population that differs from the labeled population for rituximab treatment in many regions; however, rituximab is still considered suitable therapy for this population of patients. For a comparative study, with the objectives to establish biosimilarity in the clinical setting, given that the background was matched for both arms, this aspect does not influence the study outcome. With the primary end point of the study being PK equivalence, the study was not designed to provide a statistically powered evaluation of efficacy similarity, and an a posteriori analysis based on literature has been performed and discussed.
Conclusion
DRL_RI, a proposed rituximab biosimilar, was compared with the reference products RTX-US and RTX-EU in biologics-naïve patients with moderate-to-severe RA who had inadequate response to MTX-based therapy. The study met its primary objective by demonstrating the three-way PK similarity of DRL_RI, RTX-EU, and RTX-US. The study also revealed comparable PD, efficacy, safety, and immunogenicity between DRL_RI and both reference products.
